The energy and specific energy absorbed in the main cell compartments (nucleus and cytoplasm) in typical radiobiology experiments are usually estimated by calculations as they are not accessible for a direct measurement. In most of the work, the cell geometry is modelled using the combination of simple mathematical volumes. We propose a method based on high resolution confocal imaging and ion beam analysis (IBA) in order to import realistic cell nuclei geometries in Monte-Carlo simulations and thus take into account the variety of different geometries encountered in a typical cell population. Seventy-six cell nuclei have been imaged using confocal microscopy and their chemical composition has been measured using IBA. A cellular phantom was created from these data using the ImageJ image analysis software and imported in the Geant4 Monte-Carlo simulation toolkit. Total energy and specific energy distributions in the 76 cell nuclei have been calculated for two types of irradiation protocols: a 3 MeV alpha particle microbeam used for targeted irradiation and a 239 Pu alpha source used for large angle random irradiation. Qualitative images of the energy deposited along the particle tracks have been produced and show good agreement with images of DNA double strand break signalling proteins obtained experimentally. The methodology presented in this paper provides microdosimetric quantities calculated from realistic cellular volumes. It is based on open-source oriented software that is publicly available.
Introduction
Understanding the biological effects of ionizing radiation at the cellular scale remains one of the challenges of today's radiobiology research. To address this question, experimental irradiation facilities have been developed worldwide to expose living cells in vitro to different types of ionizing radiation (x-or gamma rays, electrons, ions and neutrons). Among the different types of ionizing radiation, ions are the ones presenting the higher linear energy transfer and thus creating the denser molecular damages in cells. Understanding the effects of such radiation on living cells is of primary importance considering their presence in the telluric radioactivity (alpha particles) and in cosmic rays, as well as their increasing use in medical applications (proton and hadron therapy, alpha particle immunotherapy) (Fokas et al 2009 , Dadachova 2010 , Mulford et al 2005 . Irradiation facilities allowing the exposure of living cells to ions in order to study specific biological responses to a given exposure are usually based on radioactive sources (alpha particle emitting isotopes), broad beams or microbeams delivered by accelerators. Nevertheless, the physical interactions of the charged particles inside the cells cannot usually be measured directly since they take place in a micrometre scale volume immersed in nutrient medium. For this reason, more and more refined simulation tools have been developed to model the energy deposition track-structure patterns and the cellular response (Nikjoo et al 1998 (Nikjoo et al , 2006 .
In this work, two irradiation facilities delivering light ions in the MeV energy range have been developed: a microbeam used for targeted irradiation with 3 MeV alpha particles or protons (Barberet et al 2005) and a 239 Pu alpha source used for large angle random irradiation. In addition, computational methods based on the Geant4 simulation toolkit (Agostinelli et al 2003 , Apostolakis et al 2009 have been developed to model in detail these irradiation facilities as well as the geometry of the cell (Incerti et al 2009) . This led to a code that fully models the microbeam irradiation of a single cell that is now available for download in the Geant4 toolkit as an advanced example (the so-called 'microbeam' advanced example) that is regularly updated and improved, following the toolkit bi-annual releases. The motivation of this work was to investigate the dependence of the specific energy (energy absorbed per mass unit as defined in ICRU report 60 (ICRU 1998) , expressed in Gray) absorbed in the main cell compartments (nucleus and cytoplasm) with the cell morphology and composition. Indeed, as the specific energy is not accessible to a direct measurement, it is usually calculated by assuming simple cell geometries based on the combination of simple mathematical volumes (spheres, ellipsoids, cylinders, etc) (Alard et al 2002 , Beaton et al 2011 , Champion et al 2008 , Roeske et al 2007 , Tung et al 2004 . These approximations do not take into account the variety of different geometries encountered in a typical cell population (e.g. cell-cycle status). The method developed by Incerti et al was based on the modelling of single cell geometry (nucleus and cytoplasm) obtained from high resolution confocal microscopy and its chemical composition was measured experimentally by ion beam analysis (IBA) at the micrometre scale. This approach allowed us to obtain the specific energy for a 3 MeV incoming alpha particle and to underline the specific energy dependence with the cell morphology. However, the main limitation was the possibility to model only one cell as the cellular phantom was built from a high resolution image taken from a single cell. More recently, authors have reported the interest of using confocal microscopy to model 3D multi-cellular tissues in dosimetry simulations associated with electron microbeam irradiation (Miller et al 2011) . In this study the confocal images were used to quantify the physical features of skin model tissues required for track-structure simulations but, to our knowledge, they were not introduced in a Monte-Carlo code to create a cellular/tissular phantom. In this work, we report an extension of the approach initially applied to a single cell to a cell monolayer (76 cells) allowing thus to take into account the variety of cell geometries encountered in a typical population. Total absorbed energy and specific energy distributions obtained by simulating two irradiation devices are shown as well as qualitative images of the energy deposited along the ion tracks. The dependence of the specific energy on the nuclear density is also discussed.
Materials and methods

Cell irradiation and cell imaging
2.1.1. HaCaT and HaCaT/(H2BGFP)Tg cell lines. HaCaT cells (Boukamp et al 1988) can easily be plated as a monolayer with a homogeneous cellular and nuclear thickness, so that a fairly uniform exposure could be obtained. HaCaT cells were maintained in culture during 24 h in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% foetal calf serum (Invitrogen), 2.5 mM L-glutamine (Invitrogen) and 100 /xg ml -1 streptomycin/penicillin (Invitrogen) at 37 °C in a 95% air/5% CO2 and H 2 0-saturated atmosphere.
Exponentially growing HaCaT cells were stably transfected with H2B-GFP expression vector (Kanda et al 1998) using a Lipofectamin transfection kit (Invitrogen) according to the manufacturer's protocol and stably transfected clones were obtained using 500 /xg mr 1 G418 selections (Invitrogen). The selected transfected HaCaT cells, expressing the recombinant histone H2B-GFP, were named 'HaCaT/(GFP-H2B)Tg'.
Cell preparation for alpha particle irradiation.
Polyethylene cylindrical dishes have been designed to keep the cells fully immersed in their culture medium during the irradiation procedure. The cells attach on 3.8 /xm thick polypropylene foil (Goodfellow) coated with CellTak (2.54 /xg cirr 2 ) (BD-Biosciences) to enhance cell attachment. This foil is stretched to close the entrance face of the dish and allows the traversal of the incoming alpha particles; the back side is sealed by a 200 /xm thick circular glass microscope slide squeezed on a silicon ring joint by means of screws. 24 h prior to irradiation, HaCaT cells were platted on the 3.8 /xm thick polypropylene foil and were grown in DMEM (Invitrogen) supplemented with 10% foetal calf serum (Invitrogen), 2.5 mM L-glutamine (Invitrogen) and 100 /xg mr 1 streptomycin/penicillin (Invitrogen) at 37 °C in a 95% air/5% CQ 2 and H 2 0-saturated atmosphere.
Microbeam irradiation.
Targeted irradiation is performed with the microbeam irradiation facility developed at the CENBG (Centre d'Etudes Nucléaires de BordeauxGradignan, France). During the irradiation procedure, the cell dish is positioned vertically by a high precision stage situated between the beam extraction window and the epifluorescence microscope coupled to a high resolution CCD camera. Each CCD frame is immediately transmitted to a personal computer where every cell is recognized automatically using image processing routines (Image Pro Plus, Media Cybernetics) implemented in the software designed to control the overall experiment (Barberet et al 2005) . An automated irradiation procedure, based on a mosaic of microscope fields that covers the entire culture dish, has been designed. The location of the individual nuclei is determined by imaging the fluorescent staining pattern of the fluorescent histone H2BGFP When a target position is reached, a predefined number of particles are delivered in the cell and the automatic procedure continues with the next target position. The energy of the incident alpha particles delivered by the accelerator is 3 MeV and 2.34 MeV at the cell-polypropylene interface.
After irradiation the cells are maintained in culture during 2 h in DMEM (Invitrogen) supplemented with 10% foetal calf serum (Invitrogen), 2.5 mM L-glutamine (Invitrogen) and 100 /xg mr 1 streptomycin/penicillin (Sigma) at 37 °C in a 95% air/5% CO2 and H 2 0-saturated atmosphere. Then, the medium is removed and the cells are treated according to the immuno-labelling protocol. 
2.1.4.
239 Pu irradiation. A second charged particle irradiation device, based on a 3.7 kBq 239 Pu source, has been developed for experiments that do not require a precise targeting of individual cells and for quick protocol testing. This set-up was designed to allow the use of the same cell dish as the one developed for the microbeam irradiation facility. The alpha particles (5105 keV: 12%; 5143 keV: 15%; 5156 keV: 73%) randomly emitted by the 239 Pu nuclei traverse 1 mm of air prior to reaching the 3.8 /xm thick polypropylene support on which the cells attach. The source active area is 1.5 cm in diameter. The layout of the radioactive source irradiation set-up is shown in figure 1 . Compared to other alpha particle irradiation devices presented in the literature (Szabó et al 2002 , Tisnek et al 2009 , S0yland and Hasfjell 2000 , the set-up used in this work is based on a rather long radioactive period isotope ( 239 Pu, period: 24 110 years). This isotope presents the advantage of being an almost pure alpha emitter and that the source can be used over long periods without a significant decrease of its activity. Moreover, the long radioactive period of 239 Pu avoids the presence of a significant amount of its progeny in the source.
Alpha particle irradiators are usually designed to carry out radiobiology measurements such as cell survival or relative biological effectiveness calculations, etc. These measurements require the use of relatively high doses. The set-up developed in this work has been designed to obtain a few traversals per nucleus for a few minutes' irradiation, mainly for DNA damage and repair studies. The activity of the alpha particle source was thus chosen relatively low (kBq instead of MBq or GBq in other studies).
2. and ATM-P ser1981 ). Antibodies targeted against DNA double strand break signalling, such as H2A.X-P ser139 (also called y-H2A.X) and ATM-P ser1981 , were used to visualize radiation-induced DNA damages. Radiation-induced DNA double strand breaks can be easily visualized by the presence of discrete foci corresponding to the accumulation of DNA signalling proteins. HaCaT cells grown during 2 h post-irradiation on the 3.8 /xm thick polypropylene film were washed with phosphate buffer saline (PBSIX, pH 7.5) and fixed for 15 min at room temperature (RT) in 1% (w/v) paraformaldehyde and treated with 50 mM NH 4 C1, 15 min at RT. Cells were washed and stored in 70% ethanol at 4 °C. Then, they were re-hydrated by incubation in PBS IX for 10 min at RT, and were subsequently incubated with the primary antibody, directed against H2A.X-P ser139 or ATMpS eri98i in PBS1X + 2% (w/v) bovine serum albumine (BSA) + 0.05% (v/v) Triton X-100 overnight at 4 °C. Cells were washed three times in PBS IX + 2% (w/v) BSA + 0.05% (v/v) Triton X-100, for 15 min each, and then incubated with the secondary antibody (AlexaFluor594 Goat-anti-Rabbit or AlexaFluor594 Goat-anti-Mouse, Molecular Probes) at 4 °C overnight. Hoecsht 33342 counter-staining is Anally used as a control to reveal all cell nuclei. The samples were embedded with ProLong Gold Antifade Reagent (Molecular Probes), mounted and stored in the dark at -20 °C.
2.1.6. Image acquisition with confocal laser scanning microscopy: geometry of the cellular phantom. Three-dimensional images were acquired with a Leica DMRE TCS SP2 AOBS confocal microscope (oil-immersion objective of x 40, 1.25 numerical aperture), assembled and reconstructed using the Leica Confocal™ software. During the z-acquisition, data were recorded from the GFP signal and stacks of horizontal slices were collected automatically. The image resolution was set to 0.732 /xm in the horizontal plane and to 0.529 /xm in the z direction. Sets of 50 to 100 slices were recorded per z-stack to map the entire nuclei present in the field of view. Image acquisition was performed using an 8 bit, 512 x 512 pixel resolution in horizontal slices. A field of view was chosen to obtain a reasonable number of cells in the image (about 100 cells). Image stacks were stored as Tiff files and transferred to a PC running on Microsoft Windows XP™.
Cell preparation for ion beam microanalysis.
Cells were cultured directly onto ion beam microprobe sample holders . Briefly, cells were directly grown at 60% confluence on 2 /xm thick polycarbonate foil for 24 h in DMEM (Invitrogen) supplemented with 10% foetal calf serum (Invitrogen), 2.5 mM L-glutamine (Invitrogen) and 100 /xg ml -1 streptomycin/penicillin (Sigma) at 37 °C in a 95% air/5% CO2 and H 2 0-saturated atmosphere. Cells were rinsed twice in DMEM, rinsed in PBS IX and very briefly rinsed in ultrapure water to remove excess of extracellular salts from PBS IX. Finally, cells were cryoflxed at -160 °C into liquid nitrogen chilled isopentane, and freeze-dried at -35 °C for 96 h. The cryoflxation followed by freeze-drying has been shown to preserve the sample elemental distribution (Carmona et al 2008) .
Ion beam analysis (IBA): chemical composition of the cellular phantom.
The cell nuclei constituting the phantom were filled with a chemical composition measured using IBA. For this purpose, quantitative chemical element imaging was carried out using the high resolution beam line of the AIFIRA (Applications Interdisciplinaires des Faisceaux d'lons en Region Aquitaine) facility using three complementary ion beam analytical techniques: PIXE (particle induced x-ray emission), RBS (Rutherford backscattering spectroscopy) and STIM (scanning transmission ion microscopy) . Freeze-dried cells were analysed using a 1.5 MeV proton microbeam (focused down to a diameter of about 1 /xm for PIXE and RBS and about 300 nm for STIM). Measurements on narrow areas containing a limited number of cells (usually about ten) were carried out. The ion beam lateral resolution enabled to discriminate the cytoplasmic and nuclear areas of the cells as shown in figure 2. Quantitative chemical composition of low-Z major elements (C, N and O) was obtained from RBS analysis and trace element composition (P, S, K) was obtained from PIXE. Concentrations in hydrated samples (see table 1) were calculated by assuming that the cell 
Cellular phantom reconstruction
2.2.1. Data conversion. Images acquired from the confocal microscope were transferred into the public domain ImageJ software (http://rsbweb.nih.gov/ij/) for 3D reconstruction. An intensity threshold was then applied to separate fluorescent objects (nuclei) from the background in each slice of the stack. The cell nuclei could be extracted into an individual file containing the total number of voxels for all the nuclei in the image, the voxel size along the three dimensions, a position shift in order to centre the monolayer in the simulated irradiation dish and the list of each voxel's position and material composition, as well as the intensity fluorescence content of the voxel. We chose to name these geometries as 'cellular phantoms' in reference to human phantoms used in the medical physics community. The cellular phantom could then be imported directly into the Geant4-based simulation using the method described by Incerti et al (2009) . Figure 3 shows an isosurface view of the phantom used in this work.
Identification of each nucleus.
The method previously reported in Incerti et al (2009) was used. Briefly, the cell nuclei have been modelled in the simulation using a phantom made of parallelepiped voxels. Each individual voxel contains information about its absolute position within the whole cellular phantom as well as information about local chemical composition and density. The 'pure' parameterized approach based on specific geometry classes available in the Geant4 toolkit was used. In this classical approach, the cell phantom is made of multiple copies of a parallelepiped voxel, all having the same geometry. Additional functionalities were added to the previously reported method as a multi-cellular phantom requires considering each nucleus present in the image as an independent object. Indeed, this step is mandatory to calculate the energy and specific energy deposition in each nucleus individually. For this purpose, automatic object recognition was performed on the z-stacks using the '3D object counter' plug-in developed by Bolte et al for ImageJ (Bolte et al 2006) . This plug-in provides geometrical information on each cell nucleus in the image, such as the position of the barycentre and the volume. The calculation of the total energy deposited in every nucleus from the energy deposited in single voxels was made possible by a modification of the 3D object counter plug-in in order to produce a file containing the position and the number of the parent cell nucleus for every voxel constituting the image. After processing the images with the modified 3D object counter plug-in, the data obtained were stored in the ASCII format and used in the Geant4 simulations to calculate the specific energy deposited in every single nucleus. Mis-recognized cells (i.e. double nuclei counted as one or cells cut by the image border) were removed from the list of recognized cells.
Geant4 physics processes
The most recent public release of Geant4 was used for this work (release 9.4). In the MeV range, the dominant physical processes affecting alpha particles are multiple scattering and ionization. Multiple scattering was simulated using the G4hMultipleScattering class and ion ionization was simulated using the G4ionIonisation class. Secondary ionization electrons were tracked using the so-called Livermore set of models for ionization and Bremsstrahlung, described by the G4LivermoreIonisationModel and G4LivermoreBremsstrahlungModel classes respectively, and taking into account the multiple scattering process, simulated by the G4eMultipleScattering class. Further details on these classes might be found in the Geant4 documentation (http://geant4.org). The default cut-off for the production of secondary particles has been set to 1 /xm and a maximum step limiter has been used as previously explained (Incerti et al 2009) .
Description of the irradiation facilities modelled in Geant4
Two irradiation facilities have been developed for cell irradiation: a microbeam used for dose controlled targeted irradiation and a 239 Pu alpha particle source used for random irradiation mainly for protocol testing experiments.
Microbeam.
The microbeam irradiation facility has been described in detail previously (Barberet et al 2005) . This set-up allows us to achieve a lateral resolution of 1 /xm under vacuum for alpha particles and proton beams with energies up to 3 MeV. After extraction in air through a low pressure gas detector, a beam spot size of 10 /xm diameter is achieved and a controlled number of particles are delivered on single cells. This beam line has been fully modelled in the Geant4 advanced example mentioned previously. In this work, only the key parts, i.e. the parts having a significant influence on the beam energy and size at the cell monolayer position, were carefully modelled in Geant4. The primary microbeam (at the focal position of the beam optics, in vacuum) was modelled as mono-energetic 3 MeV alpha particles distributed on a Gaussian distribution presenting a 1 /xm full width at half maximum (FWHM). As the beam extraction stage (gas detector, residual air layer and cell culture support) has an influence on the beam energy and size at the position of the cell monolayer, all the materials traversed by the particles have been taken into account. Prior to hitting the cell nuclei, the beam traverses the following material layers: 4 mm of butane at 10 mbar, a 150 nm thick SÍ3N4 window, a residual air layer estimated to be 200 /xm thick and a 3.8 /xm thick polypropylene foil used as a cell culture support. For radiobiology experiments, the cell dish was designed to keep the cells fully immersed in their living medium. In the case of Geant4 simulations, the cellular phantom was embedded in liquid water. The layout of the micro-irradiation set-up is shown in figure 1.
2.4.2.
239 Pu alpha particle irradiator. The set-up described in figure 1 was fully simulated in Geant4. Compared to the microbeam irradiation simulations, only the particle generator was modified to generate particle trajectories randomly. The alpha particles are shot in An steradians from a flat circle of 1.5 cm diameter. The emitting surface is situated 1 mm away from the cell monolayer. The design of the cell dish, i.e. the cell support, the cellular phantom and the medium is similar to the one used for the simulations of microbeam irradiations. The total number of particles shot in An steradians was calculated in order to correspond to irradiation times of 5, 10 and 30 min.
Results
Cellular phantom properties
The combination of confocal microscopy and IBA at the sub-micrometre scale provides quantitative data concerning the volumes, thicknesses and chemical composition of the HaCaT cell nuclei. Image processing on the confocal image shown in figure 3 gives the distribution of volumes and thicknesses of the nuclei present in the image as shown in figure 4 . The volume distribution shows that, in a typical HaCaT cell population, the nuclear volumes range from about 1000 to 3000 /xm 3 with a mean value of 2047 /xm 3 . The thickness of the cell nuclei as provided by the 3D object counter plug-in represents the depth of the bounding box defined around each nucleus. It thus represents a maximum thickness since the nuclei do not show a homogeneous thickness as can be seen in figures 3(b) and (d). The distribution of thicknesses ranges from 10 to 18 /xm, 85% of the nuclei having a thickness between 10 and 14 /xm. The mean thickness obtained from the distribution is 12.8 /xm.
IBA performed on a monolayer of HaCaT cells provides the mean areal mass of the cell nuclei (using STIM) as well as the proportion of major and trace elements (RBS and PIXE). Figure 2 illustrates typical maps obtained using these techniques. Compared to previously reported maps (Incerti et al 2009 , the lateral resolution of the ion beam has been improved. The identification of the main sub-cellular compartments is thus easier.
In addition, the areal mass measurement of the cell nuclei was carried out using the STIM technique which provides more accurate results as reported by Devés and Ortega (2002) . A mean areal mass of 119 /xg cirr 2 (dry mass) has been obtained from 16 cell nuclei selected on the maps shown in figure 2. The absolute mass fraction obtained for the major elements are summarized in table 1. These measurements have been carried out on two different experiments on about 200 cells.
Mass fractions in hydrated samples were extrapolated from measurements on dry samples by considering that a wet cell contains 30% of dry matter and 70% of water. The values reported in table 1 show that a hydrated HaCaT nucleus mainly contains oxygen, carbon and hydrogen. In the case of low concentration elements, only nitrogen, phosphorus and potassium were taken into account in the simulations since they present concentrations significantly above the limit of detection. Other trace elements (sodium, magnesium, silicon, sulfur, chlorine and calcium) were detected using PIXE but were neglected in the simulations since they present concentrations below 0.1%.
The data presented in table 1 differ significantly from the chemical composition reported in Incerti et al (2009) . This difference comes from the choice of a different carbon/hydrogen ratio. Indeed, the IBA techniques used in this work do not provide the amount of hydrogen present in the sample, as this element is too light to be measured using backscattering. Therefore, a fixed carbon/hydrogen ratio is usually assumed based on published values. The carbon/hydrogen ratio of Ci.25 x H x assumed in Incerti et al (2009) was based on previously reported data, obtained in the case of cancer cells (Michelet and Moretto 1999) and available at that time. In this work, a carbon/hydrogen ratio of C x H 2x was used. This ratio was chosen to follow the ICRP recommendations (Snyder et al 1975) , and confirmed in recently published work (Carmona et al 2008) . Except for that difference, major and trace elements were found to be in relatively similar amount, the difference being below 10% between the two measurements for oxygen, phosphorus and potassium when comparing data presented here and data from 2009. The amount of nitrogen is also found to be lower in this work. This difference can be explained by a slightly higher amount of oxygen, having a strong impact on other concentrations since it represents more than 60% of the mass of a hydrated cell nucleus. The slight increase in oxygen concentration could come from variability in the cryofixation/lyophilization process or from a higher precision in defining the nucleus on the elemental maps.
Significant discrepancies have been found in cellular compositions recommended by the ICRU report 44 (ICRU 1989), the ICRP (Snyder et al 1975) , the data published by Alard et al (2002) and the data reported in Incerti et al (2009) . The influence of these discrepancies on the calculation of energy deposition and specific energy per cell is nevertheless relatively small (Incerti et al 2009) . The parameter having the stronger influence to this respect is the density of the tissue as it impacts the number of interactions and the mass of the target volume. The influence of the cellular density on the results is further discussed in section 3.4.
Quantification of energy and specific energy deposition
The dosimetry method used in this work provides the number of hits, the total absorbed energy (in MeV) and specific energy (in Gy) for every nucleus present in the confocal image. Distributions of these quantities, in the case of typical irradiations using the microbeam and the 239 Pu irradiator are shown in figures 5 and 6, respectively. These distributions provide the mean value and the variation of these quantities, presented hereafter in terms of root mean square.
In the case of targeted microbeam irradiation, simulations have been performed with 1, 5 and 50 incoming 3 MeV alpha particles. The actual mean number of hits measured in the Figure 5 . Number of hits, total energy deposition and specific energy per nucleus in the case of targeted irradiation. First line: 1 alpha particle delivered per nucleus, second line: 5 alpha particles delivered per nucleus, third line: 50 alpha particles delivered per nucleus. cellular phantom was 1, 4.97 ±0.16 and 49.58 ± 0.75, respectively. The two latter values indicate that about 0.6% of the particles are scattered at large angles and therefore miss the targeted nuclei. The mean energy delivered to the nuclei in the case of 1 alpha particle is 1.671 ± 0.189 MeV which leads to a mean specific energy of 0.135 ± 0.025 Gy. In the cases of 5 and 50 incoming particles, the mean absorbed energies were found to be 8.284 ± 0.988 and 82.810 ± 8.729 MeV, respectively. These values are very close to the ones that can be calculated by multiplying the number of incoming particles with the mean energy deposited by 1 particle, indicating a weak variation of the energy deposited from 1 particle to the other. The influence of the few particles scattered off axis can also be neglected.
Random irradiations using a 239 Pu source show much wider energy and specific energy distributions. The simulations show that irradiation of about 5 min is sufficient to achieve a mean of more than one traversal per nucleus (1.421 ± 1.150). At this level of exposure, a Poisson-like distribution is obtained for the energy deposition and specific energy. Increasing the exposure time to 10 and 30 min leads to the mean number of hits per nucleus of 2.697 ± 1.496 and 7.658 ± 3.378, respectively. When the irradiation time is increased to more than 30 min, these distributions tend to become Gaussian. This statistical effect is similar to the one observed when simple cell geometries are used. Nevertheless, the use of realistic cell geometries provides more realistic values for the mean absorbed energy and specific energy in every cell nucleus. 
Qualitative images of energy deposition
The ability of Geant4 to track particles in individual voxels allows the reconstruction, in three dimensions, of the energy deposition along the ion tracks. Arbitrary colours were attributed to the energy deposited in the voxels constituting the cellular phantom and qualitative images of the ion tracks in the nuclear volumes were produced. Typical images are shown in figure 7 in the case of targeted irradiation with 50 alpha particles (figure 7(a)) and 5 min random irradiation ( figure 7(b) ). In the case of targeted irradiation, the energy is deposited in tracks perpendicular to the cell monolayer support. The 50 hits are concentrated in the central area of the nuclei and about 99% of the particles are delivered in a circle of 10 /xm diameter, corresponding to the beam size at the position of the cell monolayer. The random irradiation leads to a more complex energy deposition pattern. Since the radioactive source has a diameter much bigger than the cell monolayer, the nuclei can also be hit by alpha particles at grazing angles. This leads to ion tracks presenting a small angle with the cell support as can be seen in figure 7(b) . The main interest of these qualitative images of energy deposition along the ion tracks is that they can be compared to experimental data. Indeed, immuno-labelling techniques provide an indirect visualization of the energy deposition pattern by means of DNA double strand break signalling and repair proteins (Aten et al 2004 , Hauptner et al 2006 , Jakob et al 2003 . Such images are shown in figure 8 for typical microbeam and source irradiations. • ~» It has to be noted that the cells used in the Monte-Carlo simulations and the cells irradiated experimentally are from different samples that were prepared under similar conditions.
In the case of random irradiation, damaged sites showing different shapes can be observed and seem correlated with the energy deposition patterns observed in figure 7(b) . Small spots such as ATM-P ser1981 foci as well as aligned foci suggesting energy deposition along a track can be observed. Figure 9 . Evolution of the mean energy deposition and mean specific energy as a function of the nuclei density. The cell nuclei were targeted and irradiated with 50 alpha particles.
Influence of the nucleus density
Since the density of living cell nuclei is not precisely known, different values were used to estimate the influence of this parameter on the energy and specific energy deposition. For a dosimetry purpose, living cells are often considered as water-filled volumes. The density used in most of the studies is thus usually 1 g cirr 3 (water density). In this work, results obtained with densities ranging from 1 to 1.5 g cirr 3 were compared to investigate the influence of this parameter on the absorbed energy and specific energy. Figure 9 summarizes the mean absorbed energy and specific energy in the case of targeted irradiation with 50 alpha particles for the different values of nuclei density.
As expected, a higher nuclear density led to a higher energy deposition in the ion tracks and thus to a higher total energy deposition in the cell nuclei. This result can easily be understood since the number of physical interactions between the incident particles and the atoms constituting the nuclei is higher. Interestingly, the specific energy per nucleus does not increase at higher nuclei densities and even decreases slightly as the density increases. This effect can be explained by an increase in the cellular masses (used to calculate the specific energy in Grays from the energy deposition) that overcomes the increase in the energy deposition.
Discussion
Absorbed energy and specific energy calculations
The energy and specific energy distributions shown in figures 5 and 6 provide information on the variation of these quantities from one cell nucleus to the other. The aim of targeted irradiation using a microbeam is usually to deliver a controlled number of ions in a well-defined cell compartment. This is achieved by the use of particle detectors counting the number of ions delivered on target. The energy distribution shown in figure 5 indicates that, even if the number of ions delivered on each cell nucleus is perfectly controlled, the total absorbed energy and specific energy can vary from 1.2 to 2.5 MeV per incoming particle. This result underlines that detailed modelling of the cell morphology is critical to obtain realistic values of the energy deposition when low energy incoming ions are considered. In order to check that the mean values of the specific energy obtained in this work are consistent with previously reported values, they were compared to the values reported in Incerti et al (2009) in the case of irradiations with similar incoming energies and geometry. This comparison is reported in table 2. Even if a direct comparison is made difficult by differences in the modelling (i.e. single cell versus multiple cells and chemical composition), the data presented in table 2 show reasonable agreement. The mean specific energy obtained on 76 cells is higher than the one obtained on a single cell. Nevertheless, as reported in figures 5 and 6, the specific energy absorbed from one nucleus to the other in a population can vary by a factor of more than 2 due to variations in its geometry, indicating that the single cell modelled in Incerti et al (2009) is fitting well in the distribution obtained for a cell population.
The irradiations using a radioactive source presented in this work show much wider energy and specific energy distributions as can be expected from the randomness of the irradiation process. In that case, the path of the ions through the cell nuclei is not necessarily perpendicular to the cell monolayer and the path length can vary a lot from one incoming particle to the other. This can be seen in figure 7(b) where the incoming angle is suggested by the length of the observed track. Detailed modelling of the cell nuclei geometry is thus critical to obtain realistic values on the total amount of energy deposited in each nucleus.
The values obtained in this work for specific energy per cell are difficult to compare directly with the one found in the literature (Roeske et al 2007 , Elbast et al 2011 because of different alpha particle energies, cell geometries and irradiation geometries. Nevertheless, good agreement in the orders of magnitude can be found indicating that a few MeV incoming alpha particle traversing a cell nucleus corresponds to a specific energy between 0 and 0.25 Gy. This value strongly depends on the nucleus volume and on the path of the particle through the nucleus underlining the importance of modelling realistic geometries.
The main limitation of the method applied in this work is the modelling of the cell nuclei as volumes with a homogeneous composition. Taking into account the complex geometry and composition of the chromatin inside the nuclei would be of great interest to improve the simulations.
Correlating simulated energy deposition and damage observed experimentally
The mapping of energy deposition in the three dimensions provided by the simulations gives the possibility to address the challenge of correlating the energy deposition to the radio-induced DNA damage. Using the method described in this work, it is possible to obtain images showing the energy deposition along the ion tracks. In parallel, images of DNA damage signalling proteins have been obtained experimentally using immunocytofluorescence.
These two types of images, even if they are obtained on different samples, show rather similar patterns, indicating a correlation between the energy deposition and the biological effect. The biological damage (DNA double strand breaks) patterns detected look rather similar to the energy deposition patterns obtained using Geant4. For microbeam irradiations, the damaged areas are located on the nuclei periphery and show a bigger diameter compared to the area where the energy is deposited according to the simulation. These effects can be explained by the targeting accuracy of the experimental facility, leading to a few micrometres' shift between the targeted point and the actually irradiated position, and the beam scattering that may be more important as compared to the simulations because of a slightly higher pressure in the gas detector or a thicker residual air layer. The influence of the biological processes such as chromatin mobility (Jakob et al 2003) or the molecular size of the H2A.X-P ser139 domains can also explain this difference. Indeed, the difference between energy deposition at the nanometre scale, the track structure (clustered ionization) and the DNA damage distribution or definition (H2A.X-P ser139 foci) has to be taken into account. It is actually assumed in the literature that one DNA double strand break leads to the phosphorylation of around 2000 histones H2A.X-P ser139 (Olive et al 2004 , Pilch et al 2003 , Rogakou et al 1998 .
When the longer tracks are considered, differences can be observed (i.e. for random irradiations). Indeed, while the simulations show a relatively continuous energy deposition along the tracks, experimental observations of DNA double strand breaks are more discontinuous. These discrepancies can be explained by a heterogeneous distribution of DNA inside the cell nuclei (Jakob et al 2003) . Moreover, clustering of H2A.X-P ser139 chromosome domains has been reported after alpha particle irradiation (Aten et al 2004) . A better description of the experimental parameters in the simulations will require taking into account more precisely the complex geometry, heterogeneity and composition of the chromatin in the simulations.
Influence of the nuclei density and specific energy at the cellular scale
The density of the cell nuclei used in this work is not precisely known and is most probably not homogeneous as can be seen in the STIM map presented in figure 2(a). For this reason, several values of the nuclei density were used to investigate the effect of this parameter on the energy deposition in the nuclei. The obtained results show that it is possible to deposit more energy in a given volume and thus create more molecular damage while the specific energy decreases. This effect is due to the mass normalization in the calculation of the specific energy, the total mass of a nucleus increasing faster with the density than the energy deposited by an incoming particle. This can thus lead to difficulties in establishing a dose-effect relationship when irradiations are performed at the cellular scale. It underlines that the concept of specific energy and absorbed dose has to be used very carefully for characterizing experiments at the cell level.
Limitations of the method
The dosimetry method presented in this work was developed to take into account realistic cellular characteristics in Monte-Carlo simulations. Nevertheless, the approach proposed here encounters some limitations that will have to be addressed to go further in the design of robust microdosimetric methods on fully realistic objects.
• The volumes of the cell nuclei are relatively easy to obtain from confocal microscopy since they can be labelled with fluorescent markers and identified using 3D image processing. The segmentation of cytoplasms is much more difficult since cytoplasms from different cells are touching each other are cannot be separated easily. The present method was tested only on cell nuclei up to now and extending it to a complete cellular volume will require the development of specific image processing techniques.
• The use of a realistic cellular composition is limited by the discrepancies of the standard cellular compositions found in the literature. The determination of the concentrations of major and trace elements in the cellular compartments is possible using IBA techniques but the amount of hydrogen is difficult to measure using these techniques and is usually extrapolated using tabulated values. Further work is thus needed to obtain more precise data about the cellular composition.
• The cell nuclei used in the simulations are filled with homogeneous materials and a more precise description of the chromatin heterogeneity is necessary to correlate the energy deposition pattern and the DNA damage observed experimentally.
Conclusions
The work presented here provides a complete dosimetric characterization of two alpha particle irradiation devices: a microbeam and a 239 Pu radioactive source. For this purpose, the methodology previously reported in Incerti et al (2009) has been extended to allow the energy and specific energy calculation for every cell nucleus present in a multi-cellular phantom. Moreover, the energy deposition patterns inside the nuclei are extracted as qualitative images and compared with DNA damage observed using immuno-staining experiments. These patterns show a correlation between the energy deposition patterns and the radiation-induced y-H2A.X foci observed in vitro, opening thus interesting features for dose-effect relationship studies. The mean specific energy per cell nucleus obtained from the simulations on a cell monolayer is in good agreement with the value obtained for one cell reported in Incerti et al (2009) and with other published data even if a direct comparison is hindered by the differences in the cell geometry modelling and in the incoming particle energies. The cellular chemical composition measured in this work is mainly similar to previously reported ones for most of the elements. Nevertheless, discrepancies in the literature about the hydrogen content (that could not be measured here) indicate that further work is needed to obtain more precise data about the complete cellular composition.
The use of open-source software for 3D imaging and segmentation as well as for MonteCarlo simulations makes the methodology presented here an ideal tool to simulate different irradiation experiments. It can for example be used to simulate different types of ionizing radiations (x-or gamma rays, beta rays or heavier ions) according to the capabilities of the Geant4 simulation toolkit to track these particles. In addition, other cell lines, presenting different geometries, could also be modelled using the method presented here. For this purpose, cell lines expressing markers adapted to confocal microscopy that can be used to define the cellular volume have to be developed.
Finally, the authors think that the approach presented in this paper could help to address issues related to small scale dosimetry in the frame of targeted radiation immunotherapy. Indeed, for particle emitters used in radiation therapy, the dose delivered to the tissues has to be determined at a scale comparable to the cell size, leading thus to a strong influence of the cellular volume.
